We questioned the significance of haplotype structure in gene regulation by testing whether individual single nucleotide polymorphisms (SNPs) within a gene promoter region (interleukin-1-beta; IL1B) might affect promoter function, and if so, whether function was dependent on haplotype context. First, we sequenced genomic DNA from 25 individuals of diverse ethnicity, focusing on exons and upstream flanking regions of genes of the cluster. We identified four IL1B promoter region SNPs that were active in transient transfection reporter gene assays. To substantiate allelic differences found in reporter gene assays, we also examined nuclear protein binding to promoter sequence oligonucleotides containing different alleles of the SNPs. The effect of individual SNPs on reporter gene transcription varied according to which alleles of the three other SNPs were present in the promoter construct. The SNP patterns that influenced function reflected common haplotypes that occur in the population, suggesting functionally significant interactions between SNPs according to haplotype context. Of the haplotypes that include the four functional IL1B promoter SNPs (-3737, -1464, -511, -31), the four haplotypes that showed different contextual effects on SNP function accounted for greater than 98% of the estimated haplotypes in Caucasian and African-American populations. This finding underlines the importance of understanding the haplotype structure of populations used for genetic studies, and may be especially important in the functional analysis of genetic variation across gene regulatory regions.
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Abstract
We questioned the significance of haplotype structure in gene regulation by testing whether individual single nucleotide polymorphisms (SNPs) within a gene promoter region (interleukin-1-beta; IL1B) might affect promoter function, and if so, whether function was dependent on haplotype context. First, we sequenced genomic DNA from 25 individuals of diverse ethnicity, focusing on exons and upstream flanking regions of genes of the cluster. We identified four IL1B promoter region SNPs that were active in transient transfection reporter gene assays. To substantiate allelic differences found in reporter gene assays, we also examined nuclear protein binding to promoter sequence oligonucleotides containing different alleles of the SNPs. The effect of individual SNPs on reporter gene transcription varied according to which alleles of the three other SNPs were present in the promoter construct. The SNP patterns that influenced function reflected common haplotypes that occur in the population, suggesting functionally significant interactions between SNPs according to haplotype context. Of the haplotypes that include the four functional IL1B promoter SNPs (-3737, -1464, -511, -31), the four haplotypes that showed different contextual effects on SNP function accounted for greater than 98% of the estimated haplotypes in Caucasian and African-American populations. This finding underlines the importance of understanding the haplotype structure of populations used for genetic studies, and may be especially important in the functional analysis of genetic variation across gene regulatory regions.
Introduction
The interleukin-1 (IL1) system has an important regulatory role in inflammation and host defense (1) (2) (3) (4) . IL1 gene transcription is inducible by microbial products and host defense proteins in many cell types. The most studied IL1 proteins, IL1α, IL1β and IL1 receptor antagonist (IL1ra) are products of the three related genes IL1A, IL1B and IL1 RN. IL1α and β are agonists of cell membrane IL1 type 1 receptors, while IL1ra is a competitive antagonist. Human IL1 and related genes are located in a ~500kb region of chromosome 2q.12 and strong linkage disequilibrium has been demonstrated across the gene cluster in Caucasian populations (5) (6) (7) (8) .
Clinical studies show that IL1 is a significant mediator of inflammatory diseases in vivo, as exemplified by patient responses to IL1 inhibitors (9) (10) (11) (12) (13) (14) . Many association studies have also suggested a genetic influence of the IL1 region in a variety of diseases that have an inflammatory component (15) (16) (17) (18) (19) (20) . As is often the case with association studies, especially in complex trait diseases, contradictory findings have been reported both in different populations and within similar populations (19, (21) (22) (23) (24) (25) (26) .
Potential reasons for diverse findings in such genetic association studies are well described and include small sample size, heterogeneous phenotypes, genetic admixture and multiple testing methodologies (27-29). The 'single SNP approach' adopted in many studies is also likely to mislead unless the SNP itself can be a sufficient etiological event, or a reliable marker of a disease-related haplotype, for either of which there seems to be limited evidence (30).
An understanding of haplotype structure across segments of chromosomes that contain potential disease genes is likely to increase the value of genetic association studies in any population where haplotypes have been ascertained (29, 31, 32) . This may be especially true when genetic or epistatic interactions within a haplotype block contribute to the development of the phenotype in question. ddi469 .doc
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Variations in the upstream region of the IL1B gene have been associated with several diseases and IL1β protein expression (15, 17, 19, 20, 33, 34) . We focused on the IL1B gene as a model for understanding the potential importance of SNP context at a regulatory level. In reporter gene assays, we tested frequent SNPs of the promoter region for allele-specific differences in activity against a comparator construct where all SNPs were set at the more common allele. To provide a potential explanation for differential transcriptional activity of individual alleles in the reporter assays, we also examined binding of nuclear proteins to the allelic DNA in electromobility shift assays.
We found that the alleles of some SNPs had different effects on transcription of the reporter gene and showed clearly different nuclear protein binding characteristics. Of particular interest, the effect of an individual SNP in the functional transcription assay was highly dependent on which alleles of other functional SNPs were present in the promoter construct. SNP patterns that showed interaction corresponded to common haplotypes found in two different populations. Such interaction between SNPs in strong linkage disequilibrium may arise randomly or may be a consequence of haplotype selection by integrated function.
The findings demonstrate the influence of sequence context on the molecular function of a SNP in a gene promoter and indicate that genetic association studies, especially using markers in regulatory regions, may be more informative if functional SNP haplotypes are analyzed, rather than individual functional SNPs.
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Page 5 of 42 associated with clinical conditions (18) (19) (20) (35) (36) (37) (38) (39) (40) . Six other SNPs, -3893 (SNP B3), -3737 (SNP B4), +5548 (SNP B30), +6506 (SNP B35), +6911 (SNP B37), and +7214 (SNP B38) were found in the dbSNP database (http://www.ncbi.nlm.nih.gov/entrez), but we were unable to find previous reports of clinical associations with any of these SNPs.
The 9 remaining SNPs were not found in dbSNP, and 7 had minor allele frequencies (MAF) ≤ 4% ("Rare").
It is notable that in seven exons sequenced only one SNP was identified in a coding region, the well-described synonymous SNP at +3954. Of the remaining 19 SNPs, 12 were in the promoter/enhancer region.
To characterize the functional SNPs, we then focused on the promoter region of the IL1B gene, (Table 1) . Initial transcriptional survey experiments were performed comparing reporter gene activity in constructs that isolated the SNP of interest, by changing the individual SNP to the rarer allele (data not shown). Four potentially functional high frequency SNPs (B4, B10, B14 and B15) were identified for further study, based on preliminary evidence of allele-specific transcriptional activity and having a minor allele frequency (MAF) >4%. Since the primary objective was to determine the influence of haplotype context on activity of specific SNPs in the IL1B promoter, we evaluated three aspects of biological activity. We first examined nuclear protein binding to the single SNP oligonucleotides. We then evaluated allele-specific transcriptional activity of individual SNPs. This was done within synthetic haplotype constructs that isolated the SNP of interest, without consideration as to whether the haplotype was actually observed in the population. Finally, we determined allele-specific influence of a single SNP on the transcriptional activity of naturally occurring haplotypes that are highly prevalent in the population.
Allele-Specific Nuclear Protein Binding
Three of the four SNPs of interest exhibited allele-specific differences in nuclear protein The EMSA protein profile of B15 (-31) is strikingly different for allele-1 (T) and allele-2 (C) probes ( Figure 3A, B) , As shown in Figure 3A , two intense bands formed with the allele 1 probe whereas 3 distinct bands formed with allele 2. Cold competition assays to determine the specificity of binding of proteins to these allelic probes were carried out ( Figure 3B ) and indicated that the protein binding of complex I is highly specific for allele 2(C), whereas complex II and III appear to have higher affinity for allele 1(T).
No allelic differences in binding were evident at SNP B14 (-511) (data not shown). In view of these data we proceeded to determine the effect of these alleles in a reporter assay performed in LPS-stimulated THP-1 cells.
Allele-Specific Transcriptional Activity
Within a sequence backbone where all SNPs were set to the more common allele in Caucasians, the rarer alleles of individual SNPs were evaluated for transcriptional effects. B4 (-3737) did not show transcription differences by allele ( Figure 4A curves A, B) , and B10 (-1464) showed only slightly lower transcriptional activity with allele 2 at the highest LPS dose ( Figure 4A curves A, C) . B14 (-511) allele 2 showed a modest increase in transcriptional activity compared with allele 1 (Figure 4B curves A, B) , and introduction of B15 (-31) allele 2 produced a moderate reduction in promoter activity compared with the background construct ( Figure 4B curves A, C) . The allele-specific effects of individual SNPs on transcription and nuclear protein binding are summarized in 
IL1 SNPs are Functional in Haplotype Context
The four functional promoter SNPs had strong influences within a haplotype context.
Although allele 2 at SNP B15 reduced promoter activity in the context of SNP B14 set at allele 1, the same allele at B15 strongly enhanced promoter activity in the context of allele 2 at SNP B14 ( Figure 5, curves C, D) . In addition, although there was no evidence of allelic differences in nuclear protein binding at B14 (-511), allele 2 at B14 showed a modest increase in transcriptional activity when combined with allele 1 at B15 (-31). However, allele 2 at B14 showed a strong increase in activity when allele 2 was also present at B15 (-31) ( Figure 5, curves B, D) . This is of special interest since B14 and B15 are essentially in complete linkage disequilibrium in all populations that have been studied (19, 24, 40) . SNP B10 allele 2, as compared with allele 1, had minimal to no activity on the background of SNP B14 and B15 set to allele 1 ( Figure 6, curves A, B) . However, SNP B10 allele 2 markedly reduced promoter activity when SNPs B14 and B15 were set to allele 2 ( Figure 6, curves C, D) . SNP B4 showed no allelic influence on promoter activity when B14 and B15 were both allele 1 (Figure 7, curves A, B) , in spite of clear allelic differences in nuclear protein binding on EMSA. However, within the context of B14 and B15 set to allele 2, SNP B4 allele 2 decreased the transcriptional activity of the IL-1B promoter (Figure 7 , curves C, D). The influence of haplotype context on allele-specific transcriptional activity of the four functional IL1B SNPs is summarized in Table 3 .
IL1B functional haplotypes differ by ethnic population.
Using the four functional IL1B promoter SNPs, we estimated the distribution of IL1B promoter haplotypes in 900 Caucasians and 227 African-Americans. As shown in The transcriptional activities of the four common haplotypes were compared in a single experimental series (Figure 8) . It is of interest that the least common haplotype in Caucasians, but most common in African-Americans, showed higher activity than the other three haplotypes (Figure8, Curve C vs. A, B, D) .
Discussion
Gene variations that alter gene function are more likely to influence phenotypic characteristics, such as the risk for disease (32), but studies of phenotype association with promoter sequence variants may be confusing in part because promoter activity is complex at the molecular level (30). We tested the relevance of sequence context in gene regulation by examining the IL1B gene promoter function of individual SNPs alone and within the haplotypic sequences that predominate in the population. Using the SNPs identified in the upstream regulatory regions of the IL1B gene, we conducted a comprehensive analysis of allele-specific promoter activity and nuclear protein binding.
We found that four SNPs in the promoter/enhancer region had functional activity, and that the activity changed in different genetic context. We undertook the study because (20, 33, 34) . The relationship with disease in other studies, especially in non-Caucasians, has not been consistent (19, (22) (23) (24) (25) (26) 53 In a single SNP analysis B15 (-31) allele 2 decreased promoter activity relative to allele 1, but substantially increased activity in the context of allele 2 at B14 (-511). B14 and B15 are in essentially complete LD in all populations of which we are aware (19, 24, 40) , so either B14 or B15 should effectively represent the biological activity at these two loci in Caucasians and African-Americans. This combination may be an example of two SNPs that evolved together as a result of biological activity based on a cis-interaction (54). Although the combination of discordant alleles at these two sites has not been previously observed, the potential functional significance of both loci suggests that the LD should be confirmed in specific ethnic populations prior to decisions to exclude one of the two loci from the informative set of SNPs.
Our results are in agreement with a previous report (19) Although IL1B (-511) has been implicated in differential clinical expression of IL1-beta protein (20, 33, 34) and is near a binding site for a glucocorticoid response element (58), we are not aware of any prior reports that demonstrate allelic differences in transcription.
Our observations that B14 (-511) strongly influenced transcription activity only in the context of B15 (-31) and did not show allele-specific differences in binding suggest that the influence of B14 on transcription may be due to interactions other than direct contact with transactivating proteins that bind to regulatory elements within this region. Alternatively, the functional effect of SNP 14 in reporter gene analysis could be caused by subtle changes in protein binding to regulatory elements surrounding SNP14 or binding kinetics that do not lead to detectable band shifts in EMSAs under our particular experimental conditions. Other studies beyond the scope of this manuscript may be valuable to evaluate long-range protein interactions that may explain some of the functional interactions observed in this study.
SNP-10 (-1464), although described in public databases (rs# 1143623 in dbSNP), has to our knowledge only recently been studied for biological relevance (24). Our data indicate that IL1B (-1464) influenced transcriptional activity of the IL1B promoter, and we are in agreement with a previous report (24) of allele-specific differences in nuclear protein binding. The sequence of SNP B10 is consistent with three "putative" binding sites for the proteins DBP, C/EBP alpha (a homolog of EFII) and Pit-1a (59). Although B10 (-1464) showed minimal allele-specific differences in promoter activity in the individual SNP analysis, it had substantial allele-specific effects when B14 (-511) and B15 (-31) were both allele 2. Allele 2 at B10 reduced the promoter activity of the B14/B15 haplotype 2/2. Since B10 allele 2 had increased binding of nuclear proteins, it is possible that this allele preferentially binds a repressor of promoter activity.
The B14/B15 haplotype of 2/2 is present in 33.7% of IL1B promoter haplotypes in Caucasians, while B10/B14/B15 = 2/2/2 represents 27.7% of the promoter haplotypes and B10/B14/B15 = 1/2/2 represents 6.0% of the haplotypes (Table 4) . In AfricanAmericans, however, the B14/B15 haplotype of 2/2 is present in 56.7%, and the B10 allele ratio is dramatically different from Caucasians ( Table 5) . Of the predominant IL1B promoter haplotypes observed in African-Americans, the haplotype B10/B14/B15 = 2/2/2 represents 10.6% and the potentially more inflammatory B10/B14/B15 = 1/2/2 represents 46.1% of the haplotypes, as compared with 6.0% in Caucasians. SNP B4 (-3737) is described in public databases (rs# 4848306 in dbSNP), but to our knowledge has not been associated with IL1 biological activity or clinical disease. B4 (-3737) had allele-specific differences in NFκB binding with preferential binding to allele 1, but in our experiments no differences in promoter activity were observed with different alleles of this SNP on a background of the other SNPs set at allele 1.
When B14 (-511) and B15 (-31) were allele 2, however, B4 allele 2 produced much lower activity than B4 allele 1. This repressive activity of SNP B4 allele 2 may be attributable to reduced binding of an up-regulatory factor (perhaps NFκB), which would be compatible with the EMSA data (Figure 1 C) . It therefore appears possible that NFκB binding to SNP B4 allele 1 increases transcriptional activity of the IL1B promoter only in a specific haplotype context by interacting with SNPs 14 and 15 allele 2, or factors bound to those alleles. It has been postulated that long-range interactions between transcription factors (C/EBP beta and NFκB) binding to haplotypes within the promoter region of interleukin-8 could influence transcription (62). Based on our observed genotypes, no haplotypes in either Caucasians or African-Americans were projected to include allele 2 at both B4 (-3737) and B14 (-511). This suggests there may have been selection benefits from the activity conferred by NFkβ binding to allele 1 of B4, when the B4/B14/B15 haplotype was 1/2/2 or negative selection when the haplotype was 2/2/2.
Although promoter activity did not differ between B4 alleles when other SNPs were at allele 1, two of the most common promoter haplotypes in both populations studied (Table 4 ; haplotype 1 and haplotype 3) differed only at SNP B4 (-3737). One potential explanation for this observation is that the functional significance of B4 (-3737) depends ddi469.doc Page 12 of 42 on a broader haplotype that extends beyond the promoter/enhancer region of the IL1B gene.
Limitations of this study
This study only considered SNPs that were present in >4% of the population studied, yet uncommon SNPs may have an important role in defining functional differences among individuals. It is reasonable to expect that some SNPs with low frequency in the population may be functional, but the objective of this study was to identify the common SNPs that may contribute substantial phenotypic variation in the population. Our results further underline the relevance of population haplotypes in the design of genetic studies, particularly for those involving gene regulatory regions.
Material and methods
High-Density SNP mapping
Twenty-five unrelated, healthy volunteers of different, self-described, ethnicity were selected. Each of these subjects, and those who's DNA was used in subsequent family studies, gave informed, written consent and the protocol was approved by the Sheffield Hospitals Research Ethics Committee (UK). Genomic DNA was prepared from blood samples by standard methods (64). The DNA was sent to Genome Therapeutics Corporation (Waltham, MA, USA) for sequencing and high density SNP mapping.
Publicly available genomic sequences across the IL1 region were used to establish the reference sequence for SNP identification. In addition, a commercially available BAC library (BACPAC Resource Center, Oakland, CA) was screened to identify BAC clones spanning the IL1 region. Positive BAC clones were used to generate a library of plasmids with 3 to 3.5 kb inserts. 
Population Haplotypes of IL1B Promoter Region
A population from a periodontal analysis within the Atherosclerosis Risk in Communities Study (65), which included 900 Caucasians and 227 African-Americans, was used to determine genotype differences between ethnic groups. Haplotypes were estimated using haploscore version 1.0 (66). This software applies a version of the EM algorithm (67) to account for phase ambiguity.
Cell Culture and Reagents
The human monocytic cell line, THP-1, was obtained from American Type Culture . Some constructs were also tested in the same medium without serum supplementation to assess the potential influence of serum products on the allelic responses in the reporter assay.
Generation of IL1B gene promoter construct
The human IL1B promoter was amplified by PCR from BAC clone RP11-67L14 (IL1B, BACPAC Resource Center, Oakland, CA) using Pfu turbo DNA polymerase (Stratagene, La Jolla, CA). Two primer sets were used to amplify the IL1B promoter containing 
Cell Transfection and Reporter Gene Transcription Assay
Prior to transfection, THP-1 cells were counted, washed, and re-suspended in plain RPMI medium at 1.5 -2 x 10 7 cells/ml. myristate-13-acetate (PMA, 20 ng/ml) and lipopolysaccharide (LPS) for 6 hours. Cells were then lysed in 100 µl passive lysis buffer (Promega, WI). Cell lysate (20 µl) was analyzed for both the firefly and Renilla luciferase activities using the dual-luciferase reporter assay system (Promega, WI). Luciferase activity was measured by 1450
MicroBeta luminometer (PerkinElmer, Boston, MA). Promoter activity was normalized to Renilla activity from co-transfected phRL-TK. Each construct was transfected and assayed for promoter activity in triplicates and transfection for each construct was performed at least three times. Differences in plasmid transcriptional activity were tested for statistical significance by the student's T-test using two-tailed distribution among samples of equal variance.
Gel Mobility Shift Assay
THP-1 cells were cultured as described above and either harvested without treatment or was added after binding of nuclear extracts to labeled probe, and was incubated for 15 minutes at room temperature before gel loading. Sequences of oligonucleotide strands are shown in Table 5 .
Construct backgrounds and screening for functional SNPs
Since no non-synonymous SNPs identified in the IL1B exons, the first phase of our analysis was the identification of SNPs that altered transcriptional activity and/or nuclear SNP 15 (-31) was changed from allele 1 (T) to allele 2 (C) if SNP 14 (-511) was allele 1 (C) (Curve A vs. C) (p< 0.01), however the same allele 2 at SNP 15 markedly increased activity if SNP 14 was also changed to allele 2 (Curve C vs. D) (p < 0.01). Although the conversion of SNP 14 from allele 1 to allele 2 (T) in the presence of SNP 15 allele 1 had only a slight increase in promoter activity in response to the higher LPS levels (Curve A vs. B) (p< 0.01), the presence of allele 2 at both SNP 14 and 15 resulted in the strongest increase in promoter activity at all levels of LPS, as well as a slightly higher baseline activity (Curve B vs. D) (p < 0.01). 
